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PHYSICS OF REACTOR SAFETY

Quarterly Report
October-December 1976

I. ABSTRACT

This quarterly progress report summarizes work done in
Argonne National Laboratory's Applied Physics Division and
Components Technology Division for the Division of Reactor
Safety Research of the U. S. Nuclear Regulatory Commission
during the months of October-December 1976. The work in the
Applied Physics Division includes reports on reactor safety
research and technical coordination of the RSR safety analysis
program by members of the Reactor Safety Appraisals Group
Monte Carlo analysis of safety-related critical assembly
experiments by members of the Theoretical Fast Reactor Physics
Group, and planning of DEMI safety-related critical experi-
ments by members of the Zero Power Reactor (ZPR) Planning
and Experiments Group. Work on reactor core thermal-
hydraulic performed in the Components Technology Dicision
is also included in this report.

TECHNICAL COORDINATION - FAST REACTOR
SAFETY ANALYSIS
(A2015)

II. SUMMARY

The PLOOP code has been written in a limited effort to study transient
coolant flow and heat transfer in the primary loop of pool-type LMFBR's under-
going pump coastdown accidents. Specific features of a primary loop such
as motor and pump characteristics and heat exchange are modeled, but pipe
rupture is not. The numerical techniques used are explained in detail.

In study of bubble collapse autocatalysis in boiling pools, we have found
it important to separate mass, geometry, and leakage effects, since the auto-
catalysis is caused purely by a leakage effect.

Preliminary results on local overpressurization of boiling pools for 10Z%
of the surface or less indicate very little energy yield, in contrast to the
results for uniform overpressurization.

A Distributed Particle-in-Cell routine was incorporated in both POOL and
POOLVENS.

Various improvements were made in EPIC, including a pin melt-in model
so that fission heating can melt the solid fuel in the pin and increase cavity
size during a transient.



Extensive comparison studies have been made between EPIC and PLUTO.
Amoung parameters varied in these studies are failure location, cavity tempera-
ture and size, and fission gas concentration. Most of the significant dif-
ferences in the results for the two codes are due to pin numerics, as discussed
previously. Further parameter studies with EPIC using features of the code
not available in PLUTO are under way.

P. Abramson and H. Hummel, together with W. Sha of ANL and G. Fisher of
BNL, visited various laboratories in Europe under NRC sponsorship for the
purpose of initiating information exchange on fast reactor safety. The pros-
pects for useful exchange and cooperation seem quite promising.

III. STUDY OF BASIC PROBLEMS IN ACCIDENT ANALYSIS

A, Initiating Condition Variations

1. Physics Calculations for 2000 Mwe Oxide-Fueled LMFBR
. (P. H. Kier, P. Pizzica and Kalimullah)

Power and reactivity coefficient distributions have been computed for a
hypothetical 2000 MWe high density oxide fast breeder reactor. Burnup calcula-
tions were run to obtain material compositions for the beginning of an equili-
brium cvcle. Then r-z, diffusion theory calculations were run to obtain
control rod positions that yielded a multiplication constant of near unity,
(0.99543) and a fairly uniform power distribution in the core with the reactor
at 1100 K and with sodium present. The central control rod was 10 cm above
the midplane, the next ring of control rods was fully withdrawn from the core,
the next ring of control rods was withdrawn to 7 cm above the midplane and the
outer ring of control rods was withdrawn to the midplane of the core. With
these control rod positions, real and adjoint flux distributions were computed
with the reactor at 1100 K and at 2200 K with sodium both present and voided.
Then first order perturbation theory was used to compute sodium worth, steel
worth, core fuel worth and Doppler coefficient distributions. These calcula-
tions were preformed with the ENDF/B-IV library that was created for the
analysis of the Clinch River Breeder Reactor. The results of these pertur-
bation calculations, with the reactivity coefficients aggregated over reactor
regions are given in Table I. The core of the reactor was divided into 10
channels and the reactivity coefficient distributions were processed into a
form suitable for input to the safety analysis code SAS-3A.

B. Numerical Techniques Used in the PLOOP Code for the Primary Loop Coolant
Flow and Heat Transfer Analysis of Certain Pool-Type LMFBR's
(Kalimullah)

Because of our prospective close collaboration with the European countries
in fast reactor safety research it seems to be worthwhile to acquire a better
understanding of the characteristics of pool-type LMFBR's, even if such
reactors do not become of interest in the U.S. Recent pool reactor studies
at ANL, although quite limited, afforded us an occasion to become involved in
study of pool reactors to some extent. A small (ca. 3 man-month) effort has
been undertaken to write a code for analyzing transient coolant flow and heat
transfer in the primary loop of pool-type LMFBR's. In its initial version now
completed, the code is limited to dealing with cold pool reactors not con-
taining any free sodium surface in the reactor outlet plenum (as typified by



TABLE I. Reactivity Coefficients for the 2000 MWe (5000 Mwt) High Density Oxide Reactor
Type Fluxes Inner Core | Outer Core | ‘Lower Axial | Upper Axial Radial Total
Blanket Blanket Blanket
Power (MW) 1100K, Na in 1204.44 708.62 26.28 15.53 45.19 2000
Sodium Void 1100K, Na in 14.63 3.63 -0.06 -0.08 -0.11 18.01
(Ak/k x 103) 1100K, Na out 17.84 4.20 0.24 0.03 0.11 22.43
Steel Worth 1100K, Na in -58.34 -16.96 1.09 0.70 1.19 ~72.32
(0k/k x 103) 2200K, Na in ~59.67 -17.93 1.05 0.68 1.18 -74.69
1100K, Na out -62.60 -15.61 1.47 0.99 1.39 -74.36
2200K, Na out ~64.15 -16.39 1.40 0.96 1.35 -76.83
Doppler 1100-2200K | 1100K, Na in 75.41 26.23 3.56 1.13 2.99 109. 34
-1 dk y 1100K, Na out 58.76 18.13 3.35 1.12 2.59 83.96
+~ == x 10
k dt
Doppler 2200-4400K 2200K, Na in 66.58 23.69 3.08 0.99 2.60 96.95
-1 dk N 2200K, Na out 51,23 16.09 2.84 0.95 2.20 73.32
ke * 10 |
Core Fuel Worth 1100K, Na in 202.45 123.09 15.26 6.04 346.84
(Ak/k x 103) 2200K, Na in 205.15 127.72 14.87 5.99 353.73
1100K, Na out 217.81 117.61 17.57 7.56 360.55
2200K, Na out 220.07 120.75 17.21 7.52 365.55




EBR-II) and with piping intact (i.e., pipe rupture accidents are not modeled).
Modified cold pool reactors of this type were of interest in the ANL studies
because they eliminate or at least mitigate some of the undesirable features
of both the hot pool (as typified generally by the French PHENIX and the
British PFR with the undesirable features of the shield deck and the main

tank facing hot sodium) and the cold pool (as typified generally by EBR-II
with the undersirable feature of thermal transients at the reactor outlet)
while retaining most of the advantages of both. However, PLOOP can easily

be extended to study hot pool reactors if desired.

The capabilities of the PLOOP code include explicit accounting of the
electric motor and the primary pump characteristics, heat exchange with the
intermediate loop, heat exchange of all components with the main tank sodium,
natural circulation, start-up transient, generation of full power conditions
and flow coastdown transient. Although the code computes the spatial and
temporal variations of mass flow rate and temperature of the coolant on the
tube side(the intermediate loop side) of the IHX, the values of these quanti-
ties at the inlet to the tubes are input constants. It is not currently
planned to incorporate PLOOP into SAS as our present objectives for studies
with PLOOP do not require.

With a view to summarize here the overall structure of the code, the
basic numerical technique used for advancing the time is outlined leaving out
the details of the geometry of the system. The thermodynamic properties of
liquid soidium are assumed to depend only on its temperature and not on its
pressure. Since flow work is negligible compared to heat transfer, the speci-
fic enthalpy of the coolant is assumed equal to the specific internal energy.
Pressure waves have been eliminated from the code by using only one integral
momentum equation between any pair of free surfaces (or around a closed cir-
cuit if there is not any free surface) to determine flow rate.

Since there is no free sodium surface in the reactor outlet plenum, the
primary loop of the geometrically intact reactor system consists of only one
closed circuit of flow, everywhere full of sodium, and this makes it possible
to determine the temporal variation of mass flow rate with the help of only
one integral momentum equation for the whole circuit. For heat transport cal-
culations this flow circuit is divided into Nh small nearly equal volumes
(heat transfer nodes). Use of nearly equal volumes with a time step less than
but as close as possible to pAV/W (where p is density, AV node volume and W
mass flow rate) is expected to cause less numerical diffusion of energy along
the flow path. Some nodes can be used to represent large well-mixed volumes,
i.e., the main tank, inlet plenum, outlet plenum, etc. by option. Other com-
ponents in the loop are represented by one or more heat transfer nodes. The
main tank constitutes node 1 and the node at the IHX exit is the last.

The main quantities whose temporal variation is determined from differen-

tial equations are (the superscript n denotes time tn)

Uj » 3 =1,2, . .. Nh = Internal energy of node j,



n ;

W, , =12, . .. (Nh + 1) = Mass flow rate at the inlet boundary of
J node j,
n

w = Pump-motor angular speed,

M; = Mass of sodium in the main tank (node 1),
UI? = Internal energy of node j on the tube side (intermediate loop
J side) of the IEX,
and WI? = Mass flow rate at the inlet boundary of node j on the tube side

of the IHX.

The subsidiary quantities whose temporal variation is computed from the above

main quantities with the help of algebraic relations, i.e., sodium properties,

pump characterisitics, motor characteristics, etc., include the primary loop
n . n s e n

nodal temperature Tj’ nodal density p,, nodal specific enthalpy Hj’ the

intermediate loop nodal tempurature TI,, nodal specific enthalpy HI?, torque
developed by the motor T:, hydraulic torque required by the pump TA, head
p
n
developed by the pump AH and others.
ntl

The following steps of computation are followed in advancing to time t
n
from time t ,

Step 1: The differential equation of energy conservation for the heat trans-~
fer node j can be written as

dUs - w,., w ) +Q, 3=1,2,...N

at’ i’ i+’ Hj—1’ Hj’ Hj+l donor 3 h’ (1)

where the parenthetical term implies the rate of heat energy undergoing
advection into the node j computed using the donor cell concept, and Q. is

the rate of heat transfer into the node through its walls from the surrounding
fluid, i.e., the main tank sodium (and the inert gas atmosphere around t&e

n
outer surface of the main tank in the case of node 1). Using Eq. (1) Uj is
computed.



n+l n n n
= W H H,, H i o= .(2
Uj Uj + At [Qj + (wj, j+1° Hyo10 Hyo J+1)dono;] » 3= 1,2,...N (2)

Step 2: Using the integral momentum equation described below, the mass flow

n+l +1
rate at inlet to the pump from the main tank at time t , that 1is, W; is
computed.

Step 3: The code stores liquid sodium temperature as a function of the pro-
duct of density and specific enthalpy, and density as a function of temperature

T = TEMP(pH), (3)

]

and p = RHOL(T). (4)

Using Eqs. (3) and (éllthe nodal temperatures, densities and specific

enthalpies at time t are evaluated (except node 1, the main tank).
n+1 n+l
T. = TEMP (U, av,), i = 2,3,...N, 5
3 - < j /! J> . h (5)
n+1 n+l
.~ = RHOL (T. , 3= 2,3,...
f3 (J J h (6)
n+1 n+l n+l
d H, =U, , AV.} , 3= 2,3,...N .

Step 4: Since the volume of the coolant in the main tank does not remain
constant, Step 3 can not be applied to compute main tank sodium temperature,
density and specific enthalpy. The differential equation for the mass of
sodium in the main tank can be written as

dM; _ _
Fr N X (8)

where Np and Nx are the numbers of pumps and IHXs respectively in the primary

+1
loop system. Using Eq. (8) M? is computed, and then from Un+l and MP+1 and

the stored liquid sodium temperature as a function of its specific enthalpy,

T = TEMPH(H), (9)



the specific enthalpy, temperature and density of node 1 are computed.

nt+l n

Ml = Ml + At <wa;h+l - pr2> s (10)
n+1 n+l n+l -

H =10 //Ml , (11)
+ +

™ - rEven <Hr1‘ l) , (12)
+1 +1

pl ~ = RHOL <’r’i1 ) . (13)

Step 5: The differential equation of mass conservatiqn for the heat transfer
node j (except node 1, the main tank) can be written as

C,dU. = W, -W, , (14)
Tad w3
where CT(T) = = :?pH) and is stored for liquid sodium as a function of

. +1 .
temperature. Starting from w@ computed in Step 2, the mass flow rates at
other node boundaries (except W; which is not a relevant quantity) are computed
recursively.

n n+1 Un+1 n
jH1 At

n+1 +1 T .
W, = W? + CT (J + TJ i Ul y J = 2,3,...Nh. (15)

Sﬁif ?: Theniﬁchniqgii useg+1n compugipg the tube side variables at time
t i.e., UL, s j o’ TI. and HI, are the same as those used on the
primary side except that the mass flow rate at the tube side inlet is not
computed using an integral momentum equation but is an input to the code.
Furthermore, the tube side sodium density i1s never computed because it is not
required.
n n+l

In the first cycle of calculations to advance from time t to t R
almost all time-derivatives (i.e., Steps 1, 2 and 4) are evaluated at the
beginning of the time step. In the second and higher cycles of calculations
over the same time step, the average of the values of all the time-dependent

n
variables at the times tn and t are used in evaluating the derivatives.
Any number of cycles over a time step may be specified in the code.



The Integral Momentum Equation: The differential equation of momentum conser-
vation for the component 1 (which is represented by one or more heat transfer
nodes) can be written as (except the component representing the pump)

(16)

where p is pressure, Z elevation above an arbitrary reference, the subscripts
in and ex represent inlet and exit to the component, CN is the average density

of the component t, Ap om. 1 the momentum flux term, 4p , and Ap n.1 are
the major and minor frictlonal pressure drops, I1 is the geometric inertia,
Ak . the number of (identical) pumps causing mass flow into (each identical)
coﬁponent 1, and R1 is the flow ratio defined as

R = (Mass flow rate through component 1 averaged over its flow path
length) / (A.x . Wy) . (17
3

The left side of the momentum equation for the component representing the
pump contains an additional term p_gAH(w, R W,/p ) for the pump head (where

the subscript p refers to the pump.) Summing the momentum equations of all
the N components, the pressures cancel out and the following equation for

the whole loop is obtained:

N N
c c|—
IRA dW, _ o} Z, -2 + A -A
g;l 11 x,1 522 = 1=1[:1g < in,1 ex,1> pmom,1 pmaj,1
- +p o
Apmin,lJ ppgAH <;, Rsz/°p> . (18)

Since the calculation of the pump head involves the pump-motor angular
speed, the following differential equation for the angular speed is also
solved:

I dw — o
pm - =1 (E, w) - 1 » R W,/ —P _ Elgl
¢t 'm P (w p 2" Por Yt w2 (19)

where Ipm is pump-motor moment of inertia; Tn(E,m) is the torque developed by
||



the electric motor at the applied voltage E and angular speed w; T_(w,R W /p_)

is the hydraulic torque required by the pump at the angular speed w and volu-
metric flow rate R W,/p ; Ty is the rated mechanical frictional torque on the

pump-motor shaft aE the rateg angular speed w .

. +1
In the first cycle of calculations to advance from time e to tn , the
values of the pump inlet mass flow rate and the pump-motor angular speed at
the end of the time step are computed using Eqs. (18) and (19) as follows:

n+1 n d n
Wyt o= Wy + At (£2> , (20)
n
+
and wntl _ n + At <:—‘t‘:’> . (21)

C. FX2-POOL Development and Studies

1. Bubble Collapse Autocatalysis in Pools (T. Daly and P. Abramson)

We have found that the initial conditions in pools can make very signi-
ficant differences in the energetics of a prompt critical burst for a pool
subjected to a specific physical perturbation. In particular, a homogeneous
pool that is prompt critical will not represent a prompt critical situation
when the same mass is redistributed in the same volume at the same average
cell densities into full density liquid and bubbles, but will be several
dollars subcritical. Thus to study the autocatalysis of bubble collapse, one
must be cautious to separate mass, geometry and leakage effects-since the
autocatalysis we are interested in is purely a leakage effect.

2. Recriticality (T. Daly and P. Abramson)

A new explicit technique for coupling the neutronics and hydrodynamics
portions of FX2-POOL was written and checked out and initial results are
available for boiling pools subjected to local over pressures. Preliminary
results indicate that while significant energy can be deposited due to a
uniform over pressurization, a local pressurization of less than 10% of the
surface (in R/Z Geometry) appears to yield very little energy.

3. Code Development (P. Abramson)

A generalized Distributed-Particle-In-Cell routine was incorporated in
both POOL and POOLVENS and was included in the versions shipped to GfK as
well as those being used for recriticality and autocatalysis problems.

A color movie was made in which the temperature of the fuel was used to
determine the color of the particles. This movie demonstrates the importance
of fuel to steel heat transfer following a prompt burst and follows motions
out until the core two-phase bubble essentially occupies all of the original
active core volume.
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4, KACHINA Implementation (J. J. Sienicki)

KACHINA was adopted to the ANL 370-195, a sample problem was obtained
from J. Travis of LASL and was successfully run with our version.

D. EPIC Development and Studies

1. Code Development (P. Pizzica)

The following improvements were made in EPIC. A plotting program was
completed which will display results from EPIC/PLUTO comparison studies and
from the EPIC parameter study. A particle combination routine was added so
that particles in the channel could be reduced. A variation of the limits
on the number of particles in the channel showed how much the number of
particles could be reduced without distorting the results over the uncombined
case. This reduced the new time by a factor of 2. A pin melt-in model was
added so that fission heating can melt the solid fuel in the pin and increase
the cavity size. Condicution effects are neglected. The momentum equations
for both the pin and the channel were made fully implicit in time while the
rest of the code is still semi-implicit. This eliminated numerical instabili-
ties that occasionally resulted from the convective flux terms when the equa-
tions were no longer pressure-driven far out in the transient. This allowed a
larger time step with no change in the results.

2. EPIC/PLUTO Comparison Studies (P. Pizzica and J. Sienicki)

Much effort was expended on the EPIC/PLUTO comparison studies. The
reactor initial conditions for most of the cases correspond to TOP conditions.
However, LOF-TOP conditions are used in a number of cases where the two codes
can reasonably be compared. Different vold fractions and inlet plenum pres-
sures are used. The basic geometry used for the comparison is that of a
demonstration size reactor, and the following parameters characteristics are
varied.

- Four different failure locations are compared (using a 5 cm long single
node failure because of PLUTO's limitation): one 15 cm below the core
center, at the center, 15 cm above and 30 cm above,

- Three different initial pin cavity homogenized temperatures are used:
3500°K, 4000°K and 4500°K.

- EPIC uses an axially varying temperature in another case whose average
corresponded to the 3500°K PLUTO case.

~ Three different levels of fission gas concentrations are compared for
the two codes.

- Different amounts of void (determining the cavity pressure in the ideal
fission gas partial pressure calculation) are used.

-~ The melt fraction of the cavity is 25%, 50%, 75% and 100% at the fail-
ure (the shape of the cavity was assumed to be a rotational ellipsoid).
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-~ EPIC's slip calculation between fission gas and fuel in the cavity is
compared to PLUTO's homogeneous calculation.

- EPIC's fission heating and melt-in are compared to PLUTO's case with-
out these features.

Preliminary results indicate that EPIC and PLUTO give reasonable agree-
ment over differences up to roughly 100% in significant parameters. Most of
the significant differences seen are due to the difference in pin numerics,
which was thoroughly discussed in the January-March 1976 Quarterly.

3. EPIC Parameter Studies (P, Pizzica and J.‘Sienicki)

Some preliminary calculation were done for the EPIC parameter study on
which work will begin in the very near future. Parameters to be varied include
pin failure location, failure length (and expansion of rip with time), initial
void fraction in the collant channel (uniform voiding in front of the rip and
discontinuous voiding patterns simulating bubbles), initial fuel temperature,
heating rate (including studies of solid fuel melt-in in the pin cavity),
fission gas content and void volume in the pin cavity, initial sodium flow rate
and pump head, slip between fission gas and fuel in the pin cavity or no slip
and the melt fraction of the fuel pin. The calculations which have been done
are for LOF-TOP conditions where the channel was 60% uniformly voided in front
of the failure for half the core height for 3500°K and if 500°K initial fuel
temperatures two different fission gas concentrations, single and four-node
failures, also the 3500°K case was done with an 80% voided channel and an
unvoided channel and a four-node failure into an unvoided channel. Results
are still preliminary (when all work is completed it will be reported).

IV. COORDINATION OF RSR SAFETY RESEARCH

P, Abramson and H. Hummel were members of an NRC-sponsored team that
visited European nuclear energy laboratories in November 1976, with a view
to initiate information exchange on fast reactor safety. Other team members
were W, Sha, Components Technology Division, ANL, and G. Fischer of Brookhaven,
currently on assignment to CEA, Saclay. Visits were made to Risley, Culcheth,
and Winfrith in England, GfK, Karlsruhe, Germany, the Euratom Joint Research
Center, Ispra, Italy, and to Cadarache, Saclay, and Grenoble in France. We
found everywhere a great interest in cooperative effort and information ex~-
change in fast reactor safety, and regard the prospects for such cooperation
as very bright. We did not find much in the way of code development that
appeared to be immediately useful to us except for the British SABRE thermo-
hydraulics code, although the scale of effort is such that there should cer-
tainly be analytical developments useful to us in the future. Of greatest
immediate interest to us aside from the SABRE code is the experimental work
in thermohydraulics, in FCI, in fission-gas dispersal of fuel (VIPER experi-
ments), in PAHR, and in explosion containment. The DFR loss-of-flow experi-
ments are of particular interest. The CABRI (TOP) and SCARABEE (LOF)
experiments to be conducted at Cadarche will be of great interest, First
results from CABRI are expected later this year.

During the visit in Europe we discussed the possiblity of our partici-
pation in the work of the European WAC (Whole Core Accident) Committee.
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Arrangements for this are now being made. A current project of this committee
is the comparison of accident calculations for a model of a 1000 Mwe LMFBR.

Per agreements at GfK (Karlsruhe), Abramson sent a complete tape of all
POOL subroutines to Peter Royl and Hans Buchner at GfK so they can begin their
portion of our co-operative development effort (which is to develop a more
sophisticated treatment of boundary heat transfer and to generalize the

routines).

Also, per those agreements, J. Sienicki sent a sample problem we ran
with our IBM version of KACHINA to Philip Schmuck at Karlsruhe and we are
awaiting receipt of his sample problems for us to run.

P. Pizzica attended a tutorial on SIMMER at LASL, November 3-5, 1976.

P. Abramson attended a 2 day meeting on LOF-TOP and on FCI's on
December 9-10, as a consultant to NRC DPM, and visited BNL on December 17
for discussions on SIMMER validation with C. Durston and O. Jones.

MONTE CARLO ANALYSIS AND CRITICALS PROGRAM
PLANNING FOR SAFETY-RELATED CRITICALS
(A2018)

V. MONTE CARLO ANALYSIS OF SAFETY-RELATED CRITICALS

Monte Carlo calculations for the R-Z homogeneous model of the Step 5
core have now been com pleted. We find that VIM gives A = 1.013 * 0.002,
while the diffusion theory eigenvalue is 1.000. Sn calculations for the same
core will be run next but it is not clear, at this point, whether these com-
putations should be run on DOT or TWOTRAN. A small discrepancy between DOT
and TWOTRAN eigenvalues has been noted during this last report period, and
this discrepancy is now under investigation. As reported earlier the TWOTRAN
S,-P; eigervalue for step 1 is 1.0093. The DOT eigenvalue, for the same
space mesh and angular quadrature set, is 1.0078. Though the discrepancy is
small it's cause is unknown and it is, therefore disturbing. DOT and TWOTRAN
k_calculations, for the step 1 core material, are now being run for diagnos-

tic purposes, and other sorts of consistency checks will also be run.
VI. PLANNING OF DEMO SAFETY RELATED EXPERIMENTS
This quarterly report presents results of additional preanalysis per-
formed to help in the planning of the safety related critical experiments.

The calculations focused on four areas, viz:

a. Adjustment of system reactivity by varying the axial extent of the
fuel slump region.

b. Reactivity of a partial fuel slump~in configuration.

c. Reactivity of the fuel slump-out configuration.
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d. Reactivity worth of a central control rod in Phases I (reference)
and IV (fuel slump-in) configuration (see previous quarterly
report).

The analyses of items a and d were suggested by the Fast Reactor Critical Ex-
periment Review Group1 in October 1976. Items b and ¢ were studied as part
of the ongoing preanalysis program. Results of the calculations will be
described in some detail in the following paragraphs.

The adjustment of the system reactivity by varying the axial extent of
the fuel-slump region (and thereby not conserving fuel in the assembly) has
been studied to determine the potential of this method. The fuel-slump
region in Phase IV occupies the central 37 drawers (r < 18.96 cm) and contains
"double-density" fuel.! If this central core region slumps to one-half its
original height (i.e., to an axial half-height of 23.09 cm), the eigenvalue
is 1.0503. The variation of eigenvalue versus axial extent of the fuel slump
region has been calculated and is presented in Fig. 1. The critical value
for this dimension is 17.30 (or 6.81 in.) in each assembly half. This corres-
ponds to a critical mass of 212.2 kg (including 46.6 kg in the fuel-slump
region). The above configuration could be obtained by loading a 7-in. fuel-
slump region in each assembly half which would require only a small additional
adjustment to critical. These preliminary results indicate such an adjustment
of the system reactivity is feasible.

1:06

104 1-05
1

1-03

Eigenvalue
101 102

1-00
4

oL

098 009

50 1860  ©0 180 180 200 210 220 230 240
Half—-Height of Slump Zone, cm.

Fig. 1. Variation of Eigenvalue versus Axial Half-Height
of the Fuel Slump Region of Phase 4
ANL Neg. No. 116-77-209
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An intermediate fuel slump-in configuration was designed for the cal-
culation of the reactivity of a partial fuel slump-in condition. 1In the
reference core unit cell there are two 1/4-in. fuel columns (1/2-in. fuel,
1/2-in. Fe,04 with all sodium removed). For the intermediate fuel slump-in
configuration, the damaged region occupies the central 37 drawers of the
assembly with a three-fuel-column unit cell composition in the outer axial
core region (23.09 cm < H < 46.18 cm). These unit cells are shown in Fig. 2.
The eigenvalue for this partial fuel slump configuration was 1.0352. This
value is intermediate to the k £f 0.9993 for the Phase II configuration

(sodium voided in central 37 d%awer zone) and the ke of 1.0503 for the
Phase IV configuration (total fuel slump in the central 37 drawer zone).

Eigenvalue calculations were performed for the two "fuel slump-out"
configurations.1 In the Phase III, Step A configuration the double-density
fuel slump (r < 18.96 cm, which corresponds to the central 37 drawers) is
shifted to the outer axial portions (23.09 < |Z| < 46.18 cm) of the core. In
Phase II1I, Step B this fuel slump is shifted out to the axial blankets
(46.18 cm < |z] < 69.27 cm). The eigenvalues are 0.9864 and 0.9065 respec-
tively. Eigenvaihes computed for all phases or configurations of the pro-
posed experimental plan are listed in Table II. The large subcriticalities
involved in these configurations, particularly for Phase III, Step B will
necessitate careful attention to the experimental methods used in these
configurations to ensure their validity.

The worth of a central control rod in the reference (Phase I) and '"fuel
slump-in" (Phase IV) configurations was calculated. The control rod position
occupied the central 4 drawers (r < 6.2337 cm) and extended the entire length
of the assembly. The inserted rod extended the length of the normal core.
Number densities for the control rod and control rod position are given in
Table III. The eigenvalues for the various configurations are summarized in
Table IV. The 4-drawer control rod used in these calculations represents a
typical LMFBR control rod and as such is large for this smaller assembly.
Because of this a smaller (single drawer) control rod might be considered
for the actual measurements.

VI, ANALYTICAL STUDY OF LMFBR OUTLET PLENUM MIXING

Accurate predictions of in-reactor-vessel thermal hydraulic character-
istics such as flow pattern, degree of mixing, flow distribution, pressure
drop, coolant velocities, flow induced vibration, thermal striping, buoyancy
effects and stratification are essential to improve reactor performance and
to prevent the occurrence of an abnormality which might lead to a reactor
accident situation. The present study is specifically directed toward inves-
tigating the thermal hydraulic behavior of the liquid metal fast breeder
reactor (LMFBR) outlet plenums during reactor scram conditions.

Under normal reactor operating conditions, sodium enters the outlet
plenum of an LMFBR via an inlet structure, and after mixing within the plenum,
exits through three outlet nozzles as shown in Fig. 3. During a reactor
scram transient, the plenum experiences an abrupt decreasing of the entering
sodium temperature and correspondingly an increasing of the entering sodium
density. If the entering lower temperature sodium has sufficient inertial
force to counter balance the opposite buoyancy force, a high degree of
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TABLE II. Eigenvalues of the Various Configurations
Proposed for the Experiments

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Reference Configuration

R = 46,18 cm R 86.18 cm

Core Blanket
H/D

l.O
Void Na for r < 18.96 cm, Z < 86.18 cm

Step A Fuel Slump Out r < 18.96 cm, 23.09 cm E_IZI 46.18 cm

| A

Step B Fuel Slump Out r < 18.96 cm, 46.18 cm < |Z| < 69,27 cm

Fuel Slump In r < 18.96 cm, Z < 23.09 cm

Fuel Slump In r < 18.96 cm, Z < 17.30 cm
Fuel and Blanket Slumped in, r < 18.96 cm, quel < 17.30 cm
ZB] anket < 37.30 cn

1.0000

0.9993
0.9864
0.9065
1.0503
1.0000

1.0201

TABLE III. Composition of Central Control Rod and
Control Rod Position

Number Density, 102% atoms/cm3

Sodium Sodium Na-Filled Na-Voided
Filled Voided Control Control
Isotope CRP CRP Rod Rod
10g - - 0.012189 0.012189
lipg - - 0.049427 0.049427
Na 0.018606 0 - 0.003959 -
Fe 0.010684 0.010684 0.009277 0.009277
Ni 0.001385 0,001385 0.001159 0.001159
Cr 0.003015 0.003015 0.002558 0.002558
Mn 0.000250 0.000250 0.000217 0.000217
Mo 0.000022 0.000022 0.000021 0.000021

0 0.000038 0.000038 0.015891 0.015891
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TABLE IV, Worth of a Central Control Rod in the Reference
and Fuel-Slump-In Configurations
kROD - kCRP
k
Eigenvalue CRP

Phase I Reference Configuration 1.0000
Phase 1 With Na-Filled Control Rod Position 0.9823

-0.0532
Phase I With Control Rod 0.9300
Phase IV Fuel Slump In 1.000
Phase IV With Na-Filled Control Rod Position 0.9762

-0.0488
Phase IV With Na-Filled Control Rod 0.9286
Phase IV With Na-Voided Control Rod Position 0.9698

-0.0433
Phase IV With. Na-Voided Control Rod 0.9278

At

|-——— 40.64 cm Dig————-]

+6.99 em- o1 8,23 cm Dia,

,. ~\ A
L
—_ L - __F\: ER— -
584cm (i g

6.992cmDia.
j

Fig. 3 1/15 Scale Model of
FETT Outlet Plenum
ANL Neg. No., 116-77-210
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mixing is ensured. On the other hand, if the entering colder sodium has
insufficient inertial force to overcome the opposite bouyancy force, a pot-
ential exists for severe thermal shock to plenum components, especially the
outlet nozzles. Furthermore, a stratified flow pattern could exist, having
a sharp thermal discontinuity within the plenum and might introduce intoler-
able thermal stress of the affected components.

In recent years, numerical simulation of thermal hydraulic problems has
made striking advances 1’10, and its increasing importance in solving
engineering problems is anticipated for many years to come. Up to this date,
however, the numberical simulation of the LMFBR outlet plenum is limited to
one 'l and two dimensions !2°13°1%  As shown in Fig. 3, the outlet nozzles
are located 120° apart, and in general the various components and supporting
structures located in the outlet plenum region are non-symmetric, thus, both
the temperature and velocity fields of the outlet plenum have inherent three
dimensional characteristics. In order to carry out a realistic evaluation of
the outlet plenum mixing, a three dimensional analysis is necessary.

In this study, the newly developed COMMIX (Component Mixing) computer
program 15 js used. The COMMIX is a three-dimensional, transient, two-phase
flow with non-equilibrium temperatures and velocities, thermal hydraulic
analysis code in which the two fluid model based on multidomain multi-phase
fluid mechanics 1€ and the IMF (implicit multifield) numerical scheme are
employed 10, This development work is visualized to be in stages, with
improving rigor and accuracy as well as enlarging the scope of applicationms,
At the present time, only the single-phase with Xyz cartesian coordinates
version is working. Modification of xyz cartesian coordinates to treat curved
boundary are in progress 1!7.

Two cases of outlet plenum mixing 18, which are of practical interest,
have been investigated thoroughly. One is the constant flow scram in which
the density of the entering sodium is suddenly increased while the inlet
flowrate is maintained constant. The other case is the normal scram in which
the density change is accompanied by a flow coast down to 10% of the initial
flowrate. Fig. 4 presents the forced function used in the COMMIX transient

THERMOCOUPLE NO. 21t
INLET TEMPERATURE MEASUREMENT

o
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calculation fo instant flows scram. Figs. 5 and 6 present the velocity pro-
files at the steady state along sections B-B and C-C as shown in Fig. 3,
respectively. Both velocity and temperature profiles across section A-A

are shown in Figs., 7-10 and Fi§s. 11-14 respectively. The experimentally
measured coolant temperatures 8 at the exit nozzle and the predicted tem-
peratures by the COMMIX code during the transient are shown in Fig. 15. The
agreements between the measured and predicted results are good.

Based on this study, it is concluded that the numerical simulations pre-
sented here provide a reasonable confidence in design of the outlet plenum,
and further study of transients under the wide range of reactor operating
conditions will lead to improved plenum design. Thus the potentially hazardous
thermal shocks can be identified and avoided, and the structural integrity of
the affected reactor components can be maintained.
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